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Abstract
An advanced technique for a two-dimensional real time visualization of cluster beams in vacuum as well as of the overlap volume
of cluster beams with particle accelerator beams is presented. The detection system consists of an array of microchannel plates
(MCP) in combination with a phosphor screen which is read out by a CCD camera. This setup together with the ionization of a
cluster beam by an electron or ion beam allows for spatial resolved investigations of the cluster beam position, size, and intensity.
Moreover, since electrically uncharged clusters remain undetected, the operation in an internal beam experiment opens the way to
monitor the overlap region and thus the position and size of an accelerator beam crossing an originally electrically neutral cluster
jet. The observed intensity distribution of the recorded image is directly proportional to the convolution of the spatial ion beam
and cluster beam intensities and is by this a direct measure of the two-dimensional luminosity distribution. This information can
directly be used for the reconstruction of vertex positions as well as for an input for numerical simulations of the reaction zone. The
spatial resolution of the images are dominated by the granularity of the complete MCP device and was found to be in the order of
σ ≈ 100 µm.
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1. Introduction
Cluster beams can be produced and prepared from originally
solid, liquid or gaseous materials and are widely used in modern
physics experiments. Prominent examples for this are cluster jet
beams as internal targets for storage ring experiments [1, 2, 3, 4]
or interaction studies of high-intense laser beams with streams
of clusters [5]. Of special interest are cluster beams produced
via expansion of cooled gases or liquids in Laval nozzles by ei-
ther condensation of the gas or by breaking up the liquid into
a spray of droplets. Depending on the production parameters
these clusters typically consist of 103 − 106 molecules [6, 7].
Target streams for experiments can be provided with freely ad-
justable target thickness over several orders of magnitude up to
about ρtarget = 1015 atoms/cm2 in a distance of more than 2 m
behind the nozzle [4]. Due to the high mass of the individ-
ual clusters compared to the residual gas background they can
travel over several meters through an ultra high vacuum cham-
ber with a constant angular divergence defined by the orifices
used for the cluster beam preparation. This fact is of high in-
terest if the experimental setup, e.g. of a cluster target at an
accelerator facility, requires large distances between the cluster
generator and both the scattering chamber and the cluster beam
dump. Especially in this case with large distances a careful
cluster target beam alignment is mandatory and suitable devices
for this are of interest.
A further important quantity in scattering experiments using
cluster beams as targets, e.g. for accelerated ion beams, is the
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spatial distribution of the interaction region as well as its vari-
ation with time. Here a precise knowledge of this information
might be needed, e.g. for the reconstruction of the tracks of
the ejectiles produced in the interaction volume or for realistic
Monte-Carlo computer simulations for the reactions of interest.
One possibility to gain such information about the vertex vol-
ume might be the investigation of fluorescence light produced
by excitation of atoms/molecules of the target beams by the
passing ions. However, this method commonly requires an op-
tical access to the interaction point which might be difficult or
even not be possible for modern compact 4pi-detectors such as
the planned P¯ANDA detector at FAIR in Darmstadt [8]. Alter-
natively the required vertex information might be reconstructed
by separate investigations on the accelerator beam profile, e.g.
using a fluorescence light measurements [9, 10] of (residual)
gas close to the interaction region, in combination with a mea-
surement on the cluster target beam profile. In order to quantify
the geometrical size and/or the intensity of a cluster beam at the
interaction point of an experiment, different approaches can be
followed. One commonly applied technique for cluster beams
from originally gaseous materials is the use of thin scanning
rods in one of the differentially pumped vacuum stages. The
principle of this method is shown in Fig. 1.
A movable rod scans the cluster beam in the vacuum cham-
ber and as soon as the rod interacts with the cluster stream the
clusters of the overlap region are stopped and converted into an
additional gas background. The resulting gas load to the vac-
uum chamber can easily be measured by vacuum gauges and is
directly proportional to the cluster beam density. Furthermore,
with the known rod dimensions and the recorded pressure rise
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Figure 1: Determination of the size and intensity of a cluster beam by the scan-
ning rod method.
as a function of the rod position, information about the cluster
beam diameter and the local target thickness can be extracted
[4]. With this method only one-dimensional scans are possible
which result in data averaged over the rod axis. In addition,
depending on the used vacuum gauge and its possible read out
speed, one single cluster profile measurement might take, e.g.
one minute, if a sufficient spatial resolution is required. To over-
come the previously described limitations, a method based on
a microchannel plate device (MCP) has been implemented. It
allows for a precise cluster target beam position measurement
and adjustment, to measure in real time two-dimensional clus-
ter beam intensity distributions as well as to monitor the spatial
distribution of the vertex point if the cluster target is used in
combination with an accelerator beam.
The principle of operation and the properties of this device
are demonstrated here by data obtained with hydrogen cluster
beams. While electrically neutral clusters shot directly onto a
MCP device remain undetected, ionized clusters, e.g. produced
by electron impact, can be registered by this system. Therefore,
the complete cluster beam cross section can be investigated. If
the MCP signal is read out by a phosphor screen and a CCD
camera, the time needed to measure one cluster beam image
is typically only limited by the required exposure time of the
CCD camera in order to collect a sufficient amount of photons.
However, this time might be reduced, e.g. to a few seconds,
if the electron current for cluster ionization is adjusted corre-
spondingly. The presented system is routinely in operation as
diagnostic system at a hydrogen cluster beam installation at the
University of Mu¨nster. Furthermore, with this device it was
possible to visualize and monitor the interaction region of a
hydrogen cluster target beam and a proton beam in a storage
ring experiment. In this case the ionization of the originally
electrically neutral cluster beam resulted from the energy loss
processes of the ion beam in the cluster beam.
2. Experimental setup
A hydrogen cluster beam is produced via adiabatic expan-
sion of pre-cooled and compressed hydrogen in a Laval nozzle.
Details about the cluster jet generator, the experimental setup
as well as the operational parameters are presented in Ref. [4].
Shortly behind the cluster generator the cluster beam is ion-
ized by an electron gun which can be operated in a continuous
mode or, if a timing information is needed, in a pulsed mode.
At the crossing point of cluster and electron beams, i.e. 76 cm
behind the nozzle, the diameter of the electron beam amounts
to approximately 7 mm and is larger than the cluster beam, i.e.
4 mm, at that position. By this a complete coverage of the hy-
drogen beam is guaranteed. The current of the 150 eV electron
beam is adjusted to the experimental needs, e.g. to the required
intensity of ionized clusters, and is typically in the order of a
few microampere. At the interaction point clusters with both
negative and positive charges are produced from which in the
following only the positively charged ones are further consid-
ered. After a drift path of approximately 4.2 m, measured from
the position of the electron beam, the ionized beam is shot onto
the MCP based detection system. A schematic view of this de-
vice as well as the electrical circuit is shown in Fig. 2.
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Figure 2: Schematic view of the MCP based setup for the detection of ionized
cluster beams.
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The cluster beam, indicated by a vertical cone, passes an
electrically grounded grid with a spacing of 2.7 mm and hits
a microchannel plate in Chevron assembly. While depend-
ing on the operational parameters of the cluster jet generator
the individual clusters have originally velocities in the order of
200−1000 m/s [4, 11, 12] before entering the detector, the pos-
itively electrically charged clusters are accelerated after pass-
ing the grid due to the potential of up to −3.8 kV at the en-
trance surface of the MCP. By this the kinetic energy of the
clusters is high enough to produce primary electrons which can
be multiplied within the MCP device. The cluster beam itself
is stopped at the surface of the MCP, converted into residual
gas and is pumped away by a turbomolecular pump. Directly
behind the MCP a phosphor screen at a potential of +3.0 kV is
placed which is hit by the electrons from the MCP. The result-
ing image can be observed by a CCD camera behind an UHV
window outside of the vacuum.
In Fig. 3 a photography of the MCP device with the entrance
grid is shown. The MCP (dark area below the grid) with a gain
of > 4 × 106 has an active diameter of 40 mm and a pore diam-
eter of (12.0 ± 0.5) µm. The adapted phosphor screen is of the
type P43 which produces photons of green color. The entrance
grid was produced by a commercial etching procedure with a
bar width of 0.2 mm.
Figure 3: Photography of the MCP device with the entrance grid. The ionized
cluster beam enters from the top and hits the MCP array.
In Fig. 4 a schematic view of the complete setup is displayed,
showing the final vacuum stage with the MCP detection system
as well as the CCD camera.
3. Visualization of cluster beams
To investigate the possibility to measure two-dimensional
cluster beam density profiles, cluster beams with different ge-
ometries have been prepared by using special shaped collima-
tors, placed 121 mm behind the nozzle [13]. In Fig. 5 (top) mi-
croscopic views of two different collimators are shown which
have been fabricated by laser cutting of stainless steel cones.
CCD camera
cluster beam
MCP
Figure 4: Schematic view of the complete MCP detection system with the CCD
camera.
The constant angular divergences of the cluster beams passing
these orifices are determined by the size of the collimator open-
ings as well as the distance between the nozzle and the colli-
mator. This in turn determines the sizes of the cluster beams
at the following vacuum chambers as well as at the position of
the MCP assembly. The resulting images recorded by the MCP
system are presented by the lower pictures of Fig. 5 [14]. The
clearly visible grid spacing allows for a direct measurement of
the cluster beam size at that distance from the nozzle, i.e. af-
ter approximately 5 m. While the round shaped cluster beam,
prepared by a collimator with a diameter of 500 µm, is fully
visible by the MCP system, the rectangular shaped beam is not
fully detected in one direction due to the use of a collimator
with a width of 190 × 770 µm2. By this a part of the large clus-
ter beam is cut away by an orifice inside of the beam dump
stage which is located directly in front of the MCP system. The
shape of this internal orifice is clearly visible. Thus this kind of
detector allows also for an online monitoring of the target beam
adjustment and interferences, e.g. with vacuum components.
The observed boundary smearing of the cluster beam is in full
agreement with earlier findings using the scanning method with
moveable rods (see Fig. 1).
For a more quantitative analysis of the recorded figures the
two-dimensional intensity distributions have been analyzed.
Fig. 6 shows exemplary the result for the circular cluster beam
shown in Fig. 5. Here the x- and y-axes correspond to the direc-
tions perpendicular to the spread direction of the cluster beam.
By using a homogeneously distributed electron beam for the
cluster ionization, the intensity distribution observed with the
MCP device is a direct measure for the local cluster beam in-
tensity. A closer investigation of the intensity distribution ex-
poses a slight asymmetry which might be caused by the not yet
perfectly adjusted relative position of the two collimators in the
cluster source. Therefore, the MCP device presented here is
highly suited for online collimator adjustment purposes during
the preparation of cluster beams, e.g. for hadron physics exper-
iments.
To gain further information about the quality of the spatial
resolution of the MCP system, one of the scanning rods of the
monitor system with a diameter of drod = 1mm located at the
scattering chamber, i.e. lscat = 2.1 m behind the nozzle, was
3
Figure 5: Microscopic view of two collimators (top) with round (∅ ≈ 0.5 mm)
and slit (0.77 × 0.19 mm2) shaped orifices and resulting MCP images (bottom)
of the cluster jet beam at a distance of approximately 5 m behind the nozzle.
Figure 6: Two-dimensional intensity distribution of a cluster beam obtained by
the MCP device.
−400
−200
 0
 200
 400
−400 −200  0  200  400
z 
po
sit
io
n 
/ p
ixe
ls
x position / pixels
 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9
 1
re
l. 
in
te
ns
ity
x position / pixels
-400 -300 -200 -100 0 100 200 300 400
re
l. 
in
te
ns
ity
0
0.05
0.1
0.15
0.2
0.25
projection on x direction
fit function
Figure 7: MCP image (top) and projection (bottom) of the intensity distribution
obtained with one scanning rod crossing the cluster beam flight path.
placed at a fixed position within the passing cluster beam. Fig. 7
(top) shows the extracted MCP image obtained at a distance of
lMCP = 5.0 m behind the nozzle. In addition to the already de-
scribed cluster beam image a sharp-edged shadow of the rod is
clearly visible. To extract information about the spatial resolu-
tion of the MCP device, a projection of this two-dimensional
intensity image was determined and is displayed in Fig. 7 (bot-
tom). The recorded data points are given by the blue line and the
shape of the envelope is in good agreement with the expected
shape of a profile of a circular cluster beam known from the
scanning rod method (see Fig. 1). The narrow intensity drops
are a result of the regular grid structure and by this an absolute
spatial calibration of the MCP monitor was possible. In Fig. 8
the measured position in units of the CCD camera pixels of the
intensity drops is shown. As expected the data can be described
well by a first order polynomial function and expose by this
no signal for a non-linearity. With the pixel information of the
CCD camera and the known grid bar distance of dgrid = 2.7 mm
(center-to-center) the calibration factor was determined to be
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Figure 8: Measured position in units of the CCD camera pixels of the intensity
drops caused by a shadowing effect of the grid bars.
cMCP = (44.32 ± 0.01) pixel/mm. Moreover, since the shape
of the narrow intensity drops is given by a convolution of the
known grid bar width of dbar = 200 µm and the intrinsic resolu-
tion of the MCP detector itself, the latter information can be ex-
tracted from a fit to the displayed data. An excellent description
of the intensity drops was achieved by a pure Gaussian distribu-
tion with a width of σMCP = (103 ± 1) µm (RMS), representing
an upper limit for the intrinsic resolution of the MCP detector.
Furthermore, the broad minimum visible in Fig. 7 (bottom) is
a result of the scanning rod placed inside of the cluster beam.
While the total width allows for a reconstruction of the rod size,
an even more interesting information is given by the shape of
the steep intensity drops from the rod itself. Again a good de-
scription of the data was possible by a convolution of a rect-
angular rod geometry and a Gaussian detection resolution σres.
Here it must be noted that the latter resolution combines contri-
butions from the already determined intrinsic resolution of the
MCP detector, i.e. σMCP, and additional effects such as possi-
ble stray fields influencing the trajectories of the ionized cluster
beam or minor divergences of the cluster beam itself. The best
description of the data is shown by the red line and considers a
detection resolution of σres = (135 ± 3) µm (RMS) in addition
to the known numbers for dgrid, dbar, σMCP. Thus, the resolution
for the detection of structures in the cluster beam or of a possi-
ble displacement at the position of the scattering chamber, i.e.
2.1 m behind the nozzle, can be estimated to be better than
σscat ≤ σres · lscatlMCP = (57 ± 1) µm. (1)
Therefore, the MCP monitor device presented here is highly
suited for the observation and the quantitative investigations of
cluster beams used as target beams, e.g. in hadron physics ex-
periments at storage rings or at high power laser facilities.
4. Visualization of the beam-target vertex region in acceler-
ator experiments
The capability of the previously described MCP monitor de-
vice to detect spatially-resolved ionized clusters opens further
possibilities for its use in combination with cluster beams as
targets, e.g. in storage ring experiments. One valuable real time
information which can be extracted quantitatively is the size of
the vertex region, i.e. the interaction volume of the accelerated
ion beam with the cluster beam. A sketch of the operation prin-
ciple is given in Fig. 9.
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Laval nozzle 
collimator 
cluster beam 
accelerator  
beam 
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Figure 9: Sketch of the partial ionization (red) of a cluster target beam by an
accelerator beam.
A cluster beam, produced in a Laval nozzle and prepared by
a set of one skimmer and one collimator, enters the scattering
chamber of the particle accelerator and is hit by the ion beam.
Due to energy loss processes, e.g. based on Coulomb effects, a
certain fraction of the cluster beam of the overlap volume is ion-
ized by the ion beam while the part of the cluster beam not hit
by the ions remains in an electrically neutral state. The partially
ionized cluster beam enters behind the scattering chamber the
beam dump stage where the previously described MCP monitor
can be placed. Since only clusters from the interaction volume
are ionized, solely clusters from this region are expected to give
a contribution to the resulting image.
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A feasibility study of this method has been performed [15]
during a few hours of an out of turn beam time at the ANKE
experimental facility [16] which is installed at an internal
target position of the cooler synchrotron COSY [17] at the
Forschungszentrum Ju¨lich. At ANKE a cluster jet target is in-
stalled which provides hydrogen cluster target thicknesses of
up to ρtarget = 1015 atoms/cm2 in a distance of 70 cm behind the
nozzle in combination with a target diameter of approximately
10 mm. For the studies presented here the final turbomolecular
pump of the beam dump stage was replaced by the described
MCP monitoring device and a thin cluster jet beam was pro-
duced with ρtarget ≤ 1014 atoms/cm2. The COSY accelerator
was operated in a mode where low energetic protons, injected
with a momentum of pinj = 300 MeV/c, where stored and ac-
celerated up to a beam momentum of pacc = 2100 MeV/c. Af-
ter a cycle length of 30 s the proton beam was dumped and new
cycles with the same time structure and with newly injected pro-
tons followed. In Fig. 10 (top) an image recorded with the MCP
device is shown which was obtained during the acceleration of
the COSY beam. The exposure time of the CCD camera was set
to 5 s. A bright area is visible which corresponds to clusters ion-
ized by the accelerator beam. The vertical axis (”z-position”)
corresponds to the ion beam direction while the horizontal axis
(”x-position”) corresponds to the one transverse to the beam
direction. Note that the COSY beam has a comparably broad
diameter during the acceleration due to the low proton momen-
tum shortly after the injection. In the second figure (Fig. 10,
center) an image is shown which was recorded when the final
COSY momentum was reached, i.e. pacc = 2100 MeV/c. Due
to the adiabatic cooling of the accelerator beam the transverse
diameter of the ion beam shrunk which can be seen directly. In
a next step one steering magnet in front of the ANKE scatter-
ing chamber was switched on in order to allow for a shift of
the COSY beam transverse to its flight direction. The resulting
image is shown in Fig. 10 (bottom) where a clear displacement
is visible. The lower intensity is only an artifact due to a lower
proton beam intensity during this measurement. Therefore, this
series of measurements proofs that a direct observation of the
interaction vertex is possible by such a MCP device. For a more
quantitative investigation a series of 145 images recorded at
pacc = 2100 MeV/c has been analyzed and combined in one
averaged image. The resulting image and a projection on the
transverse axis is shown in Fig. 11. Note that for the measure-
ments presented here a grid was used where four joining grid
bars in the center of this electrode where removed (see Fig. 11).
However, this fact is of no relevance for the further discussion.
Due to time limitations of the measurement the MCP device
could not be aligned perfectly relative to the cluster beam axis,
which resulted in the fact that the signal is not in the center
of the MCP screen. Nevertheless, solid quantitative informa-
tion about the vertex region can be gained with good accuracy.
The obtained data (blue line) can be described well by the as-
sumption of a Gaussian intensity distribution with a width of
σCOSY,MCP = (3.15± 0.01) mm (RMS). Here again the well un-
derstood small intensity drops are caused by the grid structure,
which can be treated as described above. Since the cluster beam
has a constant angular divergence given by the size of the colli-
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Figure 10: Visualization of the beam-target vertex region during the accelera-
tion of the COSY beam (top) and at a flat top momentum of 2.1 GeV/c (center).
The third figure shows the vertex region also at 2.1 GeV/c but with a switched
on dipole steering magnet in front of the scattering chamber.
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Figure 11: Image and projection of the vertex region obtained by averaging 145
individual images with an exposure time of 5 s each.
mator of the cluster source and its distance from the nozzle, the
width of the COSY beam can be reconstructed by simple ge-
ometrical considerations. With the knowledge of the distance
between the nozzle and the vertex point in the scattering cham-
ber of lvertex = 700 mm and the distance between the nozzle and
the MCP of lMCP = 1829 mm, the width of the COSY beam in
the scattering chamber σCOSY,vertex can be written as:
σCOSY,vertex = σCOSY,MCP · lvertexlMCP . (2)
Thus the width of the COSY beam at the vertex point could
be estimated to be approximately σCOSY,vertex = 1.2 mm (RMS)
which is in good agreement with the expected accelerator beam
size [18]. Due to the not ideal experimental conditions no un-
certainties are given here. However, based on the achieved re-
sults a precision for the determination of the vertex size is con-
servatively expected to be in the order of 150 µm (RMS).
5. Extended applications
In addition to the use of the MCP device presented here as
a monitor for the time resolved, two-dimensional investigation
of both the cluster beam thickness and the vertex size distribu-
tions, further applications are possible. If an adjustable positive
retardation potential Uret is applied to the entrance grid instead
of the grounding, this device works as an energy filter for the
impinging ionized clusters with positive charge. Depending on
the stagnation parameters of the fluid before entering the Laval
nozzle, the produced hydrogen clusters typically have a mean
speed of v¯cluster = 200 − 1000 m/s. The width of the velocity
distribution ∆vcluster also depends on the stagnation parameters
and was observed to be in the range of ∆vcluster/v¯cluster = 0.5%
to 8%. For details see Ref. [4, 11, 12]. By investigating the
intensity variation recorded by the CCD camera as a function
of the retardation potential Uret, information about the masses
of the ionized clusters mcluster can be gained. In detail clusters
of charge q with a mass below
mcluster =
2qUret
vcluster2
(3)
can be reflected. This opens the possibility to investigate the
mass distribution of cluster target beams, e.g. as function of
the stagnation parameters or of the nozzle geometry, in paral-
lel to the operation as target in experiments. Assuming, for
example, a retardation voltage of Uret = 1000 V and a clus-
ter velocity of vcluster = 600 m/s, clusters masses of up to
mcluster ≈ 500.000 amu can be investigated. Moreover, by com-
paring the obtained distributions with and without an accelera-
tor beam passing the cluster beam, information about a possible
fragmentation of clusters caused by the ion beam can be gained.
First pilot studies on cluster mass measurements with this de-
vice and using the described cluster target have been performed
successfully and are followed by extensive systematic investi-
gations [19].
6. Summary
In summary we have presented an advanced technique which
enables, for the first time, the two-dimensional real time visu-
alization of cluster target beams as well as of vertex regions
at internal beam experiments at particle accelerators. The sys-
tem is based on a microchannel plate array in combination with
a phosphor screen which is read out by a CCD camera. Full,
time resolved, two-dimensional information about the cluster
beam thickness distribution are accessible if a dedicated elec-
tron gun is switched on. A spatial resolution in the order of
σ ≈ 100 µm has been reached which allows for quantitative
investigations on the size, shape and thickness distribution of
the cluster beams itself. In addition it has been demonstrated
that this device allows for a detailed two-dimensional investi-
gation of the vertex region at storage ring experiments using
internal cluster jet targets. Here the ionization of the clusters
proceeds solely by the passing ion beam if the previously used
electron beam is switched off. With this device a resolution
7
of approximately σ ≈ 150 µm was achieved. The method pre-
sented here can principally also be used for further applications,
e.g. for laser-cluster interactions, where electrically charged
clusters are produced, or for the cluster mass investigation.
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